We compile a new sample of 89 open clusters with ages, distances and metallicities available. We derive a radial iron gradient of about −0.099±0.008 dex kpc −1 (unweighted) for the whole sample, which is somewhat greater than the most recent determination of oxygen gradient from nebulae and young stars. By dividing the clusters into age groups, we show that the iron gradient was steeper in the past and has evolved slowly in time. Current data show a substantial scatter of the cluster metallicities indicating that the Galactic disk has undergone a very rapid, inhomogeneous enrichment. Also, based on a simple, but quite successful model of chemical evolution of the Milky Way disk, we make a detailed calculation of the iron abundance gradient and its time evolution. The predicted current iron gradient is about −0.072 dex kpc −1 . The model also predicts a steady flattening of the iron gradient with time, which agrees with the result from our open cluster sample.
INTRODUCTION
Radial abundance gradient along the Galactic disk constitutes one of the most important observational constraints for models of the evolution of the Galactic disk. The existence of such a gradient is now well established, through radio and optical observations of HII regions, disk stars, planetary nebulae (see Henry and Worthey 1999 for a detailed review) and open clusters (Friel 1995 (Friel , 1999 ). An average gradient of dlog(X/H)/dR ∼ −0.06 dex kpc −1 is observed in the Milky Way for most of the elements, e.g., O, S, Ne, Ar and Fe, while the gradients for C and N are, perhaps, slightly larger (Smartt 2000) .
An equally important, but still unsettled question is the history of abundance gradient: was it steeper or flatter in the past? This is crucial in constraining the initial conditions and evolutions of the gas and stars in the Galactic disk, the infall history, pre-enrichment, coupling between the halo and disk evolutions etc. Different predictions are made by various current models of Galactic chemical evolution, although most of them claim that they could reproduce the majority of observational data for both the solar neighborhood and the whole disk. The models of Prantzos & Aubert (1995) , Mollá et al. (1997) , Allen et al. (1998) , Boissier & Prantzos (1999) and Hou et al. (2000) suggest a flattening of the gradient in time, while the models of Tosi (1988) , Samland et al. (1997) and Chiappini et al. (1997 Chiappini et al. ( , 2001 support an evolution in the opposite direction. The situation is not settled observationally either. The estimated ages of planetary nebulae (PN) of various types (PNI, PNII, PNIII) span a large fraction of the age of the Galaxy. Observations of the abundances of these objects across the Milky Way disk could, in principle, provide some information on the past history of the abundance gradient (Maciel & Koppen 1994 , Maciel & Quireza 1999 . In a recent work, Hou et al. (2000) have made a detailed analysis for the O, Ne, S and Ar gradient evolution based on the PN data of Maciel & Quireza (1999) . It was shown that there exists fairly good agreement between theory and observations on all the properties of the observed abundance profiles (absolute values, gradient and scatter) for O, S, Ne and Ar. The model suggests that the abundance gradients were steeper in the early epoch. However, the large scatter in the adopted data does not allow a conclusion on the temporal variation of the gradients, although a possible steepening tendency in time was suggested by Maciel & Quireza (1999) . Nevertheless, PNs suffer from large uncertainties concerning their progenitor masses and lifetimes and their distances from the Galactic center.
On the other hand, open clusters (OCs) have long been used to trace the structure and evolution of the Galactic disk (Friel 1995) . Because they could be relatively accurately dated and we can see them to large distances, their [Fe/H] abundances make up an excellent trace to the abundance gradient along the Galactic disk as well as to many other important disk properties, such as Age-Metallicity Relation (AMR), the disk age and so on. Our Galactic chemical evolution model was very successful in explaining the abundance profiles of many elements (including O, Al, Si, S, Ne, and Ar) along the galactic disk. It should be important to further explore the iron abundance profile along the Galactic disk. Our specific purpose in this paper is to trace the time variation of iron abundance based on a relatively large OC samples and to make a detailed comparison with the model results. Our sample contains more objects compared with previous similar works, and should therefore be more significant statistically.
At this point, one might ask whether the field disk populations are also able to trace the disk evolution. Indeed, the extensive studies by Edvardsson et al. (1993) and recently by Chen et al. (2000) , concentrated on disk F, G stars, showed an overall radial gradient that is nearly independent of age. This was further confirmed by the recent study of Corder & Twarog (2001) . These results were based on stars mainly restricted to the solar neighborhood. A more detailed analysis for the disk iron gradient was given by Cui et al. (2000) on the basis of 1302 field stars with high resolution proper motion and parallax data from Hipparcos satellite. They derived an iron radial gradient of −0.057 dex kpc −1 within galactocentric distance from 8.5 kpc to 17 kpc. However, it is difficult to extract any clear gradient evolution from those statistics. Moreover, results from those studies were strongly affected by selection effects and the individual distances used depend heavily on the adopted model of Galaxy gravitational potential, hence are much less reliable than the cluster distances. This paper is organized as follows: in Section 2, we summarize the current observational status of open cluster gradients; we then present a combined open cluster sample in Section 3 and, on the basis of sub-samples, explore the iron gradient evolution with time. Our basic model is introduced in Section 4.1, and Section 4.2 discusses in detail the comparison between our model predictions and the observations. Finally, a brief summary is given in Section 5.
IRON GRADIENT FROM OPEN CLUSTERS
Since the pioneering work by Janes (1979) concerning the iron gradients from open clusters, a number of authors have published results on the galactic disk gradients using the spectroscopic and photometric indices of stellar populations in open clusters (Panagia & Tosi 1981 , Cameron 1985 , Janes et al. 1988 , Friel & Janes 1993 , hereafter FJ93, Thogerson et al. 1993 , Friel 1995 , hereafter F95, Piatti, Claria & Abadi 1995 , hereafter PCA95, Twarog, Ashman & AnthonyTwarog 1997 , hereafter TAA97, Carraro, Ng & Portinari 1998 , hereafter CNP98, Ying 1998 , Friel 1999 . The derived gradients vary between −0.05 ∼ −0.133 dex kpc −1 over a galactocentric distance from 6 to 16 kpc (see details in . Table 1 summarises the iron gradients derived from available data. Table 1 ). So we wanted to see if we could compile a relatively larger sample from those although there might exist different scales of ages, metallicities, and distances among the different authors. In general, the scatter in the abundance due to differences in the adopted techniques and atomic data is smaller than the observational uncertainties. Therefore, we believe that a combination of the different samples could still provide statistically meaningful results. Especially, as there are some clusters common to different samples, we can make cross checks to see if there are systematic differences.
Our following analysis is based on four samples (see Table 1 ): CNP98, TAA97, PCA95, and F95 & FJ93. The detailed descriptions of age, distance and metallicity calibration can be found in the relevant papers, here we only concentrate on the overall statistical properties of these parameters. Before combining the samples, we have to make a statistical comparison among the data to see if there are significant differences.
Since the majority of the clusters are based on Lyngå (1987) Catalog, the distances are exactly correlated among the four samples. As to the metallicity, three of the samples, CNP98, PCA95 and F95 are well correlated, and they all have some biases as compared to the TAA97 sample. In fact, in their calibrations, PCA95 and F95 have made use of many of the same field stars, and CNP98 has adopted the same metallicity scale as F95 and FJ93. The abundances of TAA97 are systematically a little larger than the others. This resulted from a small adjustment in the abundance calibration in TAA97 whose authors suggested that the metallicity zero-point used in F95 and FJ93 may be in error. The difference is, however, small and it should not have any significant influence on the statistical results (within 2σ). There also exists age difference in the different samples. The ages in F95 are based on the MAI (Morphological Age Index) of Janes & Phelps (1994) . The MAI was only intended to provide a relative age ranking of clusters, and not as a true age, but does not matter in the present paper, for we only need relative age differences among the clusters in order to investigate the time evolution of the gradient.
Therefore, we can recompile a new sample in which the cluster parameters, the distance, abundance and age, are determined by averaging over the above samples for common objects. As a result, the combined sample contains 89 open clusters with galactocentric distances between 6.5 kpc and 16 kpc and ages between 0.02 Gyr and 11 Gyr. The whole sample is given in Table 2 . Cross checks for the common objects between the mean sample and the four individual samples are given in Figures 1, 2 and 3. It can be seen that they are well correlated statistically (95.4% confidential level within 2σ). Friel & Jane 1993 , Friel 1995 . Figure 4 shows the plots for the combined sample as well as the four original samples. Note that in F95, there are 44 objects, while in the plot we have 48, the four additional clusters are NGC 2112, NGC 6253, NGC 6705 and Berk 19, from FJ93 and Thogersen et al. (1993) . The dash line is the unweighted least square fitting of the data. The resulting gradient is about −0.099±0.008 dex kpc −1 . The weighted fitting results in a value of −0.080±0.001 dex kpc −1 . Our new sample clearly shows a linear gradient for the range of galactocentric distance between 6 and 16 kpc; however, this was questioned by Twarog, Ashman & Anthony-Twarog (1997) . They found that the metallicity distribution of clusters with galactocentric distance is best described by two distinct zones, with a sharp discontinuity at R GC = 10 kpc. Between R GC = 6.5 kpc and 10 kpc, the clusters have a mean metallicity 0.0 dex with, at best, weak evidence for a shallow gradient over this range, while those beyond 10 kpc have a mean value about −0.30 dex. TAA97 puts forth an alternative description, a step function, for the radial abundance distribution of the open clusters. This two-step distribution seems quite similar with the nebula results of Simpson et al. (1995) . However, a careful check with the cluster ages shows that the sample inside 10 kpc is heavily weighted towards clusters younger than 1 Gyr, while the outer clusters are predominantly older clusters (see Figure 6 ). Neglecting this twostep phenomena, a least square fitting results in a gradient about −0.067 dex kpc −1 between 6 and 15 kpc if cluster BE21 was excluded because both the metallicity and distance of this object are quite uncertain. Since the clusters extend over a large range of ages (from 0.1 Gyr to 11 Gyr), we doubt that this could really reflect the abundance history of the disk (however, such a gradient was always quoted by many authors). An alternative is to divide the clusters into age groups, and explore the gradient differences among the different groups. In so doing, it should be emphasized, first, that the separation should not result in groups of very different sizes in order to keep them statistically comparable; then that there could be some difference between dividing into two or three groups that might reflect the significant evolution of the Galactic disk. With this in mind, we made two tests, one with the clusters divided into two groups, one into three groups. From the first we examine the gradient differences between older and younger clusters, while from the second we explore further the behavior of intermediate age clusters. Table 3 gives the results for the first case, where the last two columns are the correlation coefficients of the least square fitting and the corresponding confidential levels. Note that we only give the gradients of unweighted fitting, the weighted fitting gives similar values. However, since the data error systems among different sub-samples are quite different, the given final errors in the combined sample are merely for illustration purpose. The weighting factors based on those errors cannot reflect the real situation. Clearly, whatever value we select for the age bin t between 0.85 (typical age of the Hyades cluster) and 2.0 Gyr, the older clusters always show a much steeper gradient than do the younger clusters. This implies that, as a general tendency, the gradient becomes flatter during the evolution of the disk. This agrees with the earlier results of Janes et al. (1988) and the recent statistics of Ying (1998) (see Table 1 ). Now, we turn to the case of three age bins. The results are given in Table 4 . Again, we see that in the selected age bins, the gradient is the greatest in the older group. We notice that for the young age bin, the correlation coefficient is not always significant, because the younger clusters are heavily concentrated in the solar neighborhood. From Figures 4 and 6 , we see that there are only four young clusters around 11 kpc, much less than in the solar neighborhood, due to the current observational limitation of young clusters, and we should bear this in mind when judging the gradient from young clusters. However, it is obvious that the gradient is systematically smaller in the intermediate than the older group. The fact is inconsistent with CNP98, who suggested that the middle epoch clusters seem to display a steepening of the gradient. In order to have a more reliable gradient, it is necessary to have more data of young clusters located in the outer part of the disk. Though the combined sample is not complete and accurate enough, the statistical results should be reliable since there exists a good cross correlation among the four samples we used. Our conclusion is that, on the basis of current open clusters data, the iron gradient becomes shallower during the Galactic disk evolution, without an intermediate steepening. It should also be pointed out that although the above classification is somewhat arbitrary, the above conclusion is not changed even if the age groups are made differently. 
MODEL PREDICTION AND COMPARISON

Basic Model and Iron Gradient Evolution
As mentioned in the Introduction, current model predictions for the gradient evolution do not converge. Some predict a steepening of the gradient with time, while others predict just the opposite. A time flattening evolution was also suggested by our latest Galactic chemical evolution model. The details are presented in Boissier & Prantzos (1999) (hereafter BP1999), and Hou et al. (2000) (hereafter HPB2000). Here we just recall some of the main points of the model.
The galactic disk is simulated as an ensemble of concentric, independently evolving rings, gradually built up by infall of primordial composition. The assumption of infall is traditionally based upon the requirement to explain the locally observed metallicity distribution of longlived stars, which cannot be explained by the simple "closed-box" model (leading to the wellknown "G-dwarf problem"), and it is also the basic assumption for nearly all Galactic chemical evolution model.
We have utilized the metallicity-dependent yields from Woosley and Weaver (1995) for intermediate mass elements. Iron-producing SNIa are included, their rate being calculated with the prescription of Matteucci and Greggio (1986) . We also adopt the recent yields of SNIa from the exploding Chandrashekhar-mass CO white dwarf models W7 and W70 of Iwamoto et al. (1999) in order to account for the additional source of Fe-peak elements, required to explain the observed decline of O/Fe abundance ratio in the disk (Goswami & Prantzos 2000) . The adopted stellar Initial Mass Function (IMF) is a multi-slope power-law between 0.1 M and 100 M from the work of Kroupa et al. (1993) . The star formation rate (SFR) is locally given by a Schmidt-type law, i.e., proportional to some power of the gas surface density Σ g : Ψ ∝ Σ 1.5 g , according to the observations of Kennicutt (1998) . It varies with galactocentric radius R, as:
where V (R) is the circular velocity at radius R. This radial dependence of the SFR was suggested by the theory of star formation induced by density waves in spiral galaxies (e.g., Wyse & Silk 1989) . The efficiency of the SFR α in the above equation is fixed by the requirement that the local gas fraction σ g (R 0 ) ∼ 0.2, is reproduced at T = 13.5 Gyr, which is the adopted age of the Galactic disk. The infall rate is assumed to be exponentially decreasing in time with a characteristic time τ . In the solar neighborhood we adopted τ = 7 Gyr in order to reproduce the local G-dwarf metallicity distribution, and τ is assumed to increase outwards, thus mimicking the "inside-out" formation of galactic disk (see details in BP1999, HPB2000). Note that there are other forms of infall rate, such as Gaussian, two-component (thick and thin disk, see Chang et al. 1999 , Chiappini et al. 1997 ), but they are eventually similar after evolving for a long time.
Our model presented above can well account for the evolution of the solar neighborhood as well as for the whole disk (see BP1999, HPB2000). We have calculated the evolution of the abundance for all elements between H and Zn. In HPB2000, we present the main results for elements H, C, N, O, Ne, Mg, Al, Si, S and Ar, which have observational data from nebula and early B stars available for a comparison. We will concentrate in this paper on the evolution of the iron abundance, based on the observational data from open clusters. Figure 5 presents the results for the radial profile of iron abundance (upper panel) and the evolution of iron gradient (lower panel). It shows that the final value (at T = 13.5 Gyr) of the iron abundance at R 0 = 8 kpc is the solar value. The final abundance profile (T = 13.5 Gyr) is flatter in the inner disk. As already described in Prantzos and Aubert (1995) , this could be due to the fact that in those regions large populations of low-mass, long-lived stars that were formed early in galactic history which ejected a lot of metal-poor gas at the end of their evolution, so diluting the metal abundances; this effect was absent in the outer regions which lack very old stellar populations.
Another feature of the model is the prediction that the abundance gradients flatten with time. This seems a natural result of models of "inside-out" formation of the galactic disk. Indeed, in the inner parts of the disk, there is a rapid increase of the metal abundance at early times and soon leading to a maximum gas metallicity which then remains constant or decreases due to the gas dilution by the dying stars. As time goes on, star formation "migrates" to the outer disk, produces metals there and flattens the abundance gradient. Recent data from planetary nebula give an average gradient flattening rate about −0.004 dex kpc −1 Gyr −1 (Maciel 2002) , in remarkable agreement with our model prediction. We notice, however, that our picture is just the opposite of that of Chiappini et al. (1997 Chiappini et al. ( , 2001 . Their models, which also adopt a simulated "inside-out" disk formation scenario, predict a time steepening behavior for the gradient evolution. The main reason could be that they adopted a threshold density in the star formation process during both the halo and disk phases (Chiappini et al. 2001 ). In such a case, at early epochs, due to the large amount of primordial infalling gas, the efficiency of the chemical enrichment of the inner parts of disk was low, leading to a flat initial abundance gradient. Then, at later epochs, while the SFR was still much higher in the inner disk than in the outer regions, the infall of metal poor gas was stronger in the outer than in the inner part, thus steepening the gradients.
In a recent work, Chang et al. (2001) pointed out that the gradient evolution with time should not be described simply by "steepening" or "flattening" as suggested by Hou et al. (2000) and Chiappini et al. (2001) . Their model prediction shows that both the absolute value and evolution of the abundance gradients may be different in the inner and outer regions, and strongly depend on the chemical composition of the infall material, which is strictly related to the mechanism of Galaxy formation, including the formation of halo.
While several scenarios are possible on the basis of chemical evolution model, only one of the alternatives should be the real one during the formation and evolution of the Milky Way disk. This question could, in principle, be answered by a comparison to available observations, particularly to open clusters and planetary nebula data. A detailed comparison to open clusters now follows.
Comparison to Open Clusters Gradients
As mentioned in Section 3, a meaningful comparison could only be done by dividing open clusters into sub-groups according to their ages. Such a comparison is presented in Fig. 6 . We select young open clusters with ages less than 1.0 Gyr, intermediate objects with ages between 1.0 and 4.5 Gyr, and older clusters with ages greater than 4.5 Gyr. We also plot the model results for each group.
Least-square fitting for the three groups results in the three gradients -0.055, -0.095 and -0.108 dex kpc −1 for the young, intermediate and old clusters. They show the same trend as our model predictions (see Figure 5) . However, the scatter in the observed data are much larger than the values given by the model (shaded area in Figure 6 ) for all galactocentric distances, especially for young clusters. Further examination of Figure 6 shows that:
(1) The fitted gradient for young clusters is less than that of the model prediction. Young clusters are heavily concentrated in the solar neighborhood due to the preferential destruction of the inner-disk open clusters. It has long been recognized that frequent encounters with giant molecular clouds, which are found primarily in the inner Galaxy, are very effective at destroying typical open clusters. In contrast, the outer disk strongly favors cluster longevity, which results in the outer clusters being predominantly older. Therefore, it is particularly important to measure the iron abundance by observing the B-type stars in distant young clusters or associations.
(2) For intermediate and old cluster groups, our model predictions are compatible with the observations. In fact, the difference of observed abundance radial profile between older and intermediate clusters is small considering the large uncertainties in both the age and distance determinations. However, the existence of a steeper gradient for the older clusters is clear; there is a decrease in metallicity with increasing Galactocentric distance. It is also clear that there exists metal-rich clusters with ages up to 8 Gyr. This suggests that the Galactic disk must has undergone very rapid, inhomogeneous enrichment (infall playing an important role, see Chang et al. 2001) to produce the substantial dispersion at all ages and locations in the disk. This point is also supported by the fact that cluster metallicity is not a function of age when the cluster abundances are corrected for the radial abundance gradient and reduced to the values the clusters would have at the solar position (Friel 1995 , Ying 1998 . This indicates that the cluster abundance is controlled primarily by where, and not by when, the cluster was formed. Looking over the three panels in Figure 6 , it is clear that over the whole age of the disk and at any position in the disk, the oldest clusters may have formed with compositions similar to, and as enriched as those of the young or intermediate age objects. By adopting a star formation rate that varies with the gas mass, galactocentric distance and an infall law with a distance-dependent time scale, thus mimicking the "inside-out" scenario, our model predicts well a steeper gradient at early epoch of the disk evolution. Also, the model predicts that the gradient evolves with time and flattens as the disk evolves.
Since young clusters are mostly biased in the solar vicinity, it is more reliable to adopt abundance data from nebulae (HII regions, early B stars) as gradient tracers for the young disk. The available observations give a gradient of the order of −0.07 dex kpc −1 for the typical element O (Smartt & Rolleston 1997 . Taken together with older cluster data, these results indicate that the abundance gradient in the disk has changed very slowly over its lifetime. However, we should be careful when comparing the results between cluster metallicities and nebula oxygen abundances. Iron is produced mainly in SNIa and as such has had a distinctly different evolutionary history in the Galaxy (Edvardsson et al. 1993 ) as compared to oxygen which has its origin in SNII. They may be somewhat different in nature.
Based on four open cluster samples, we compiled a new sample of clusters. From the combined sample, we made a detailed analysis of the iron gradient along the Galactic disk and its evolution with time. We also presented our model predictions on the current iron gradient and its time evolution. The predictions are then compared with the open clusters data. The main results are summarized as follows:
(1) The iron radial gradient from open clusters is about −0.099±0.008 dex kpc −1 based on the whole sample, which is rather larger than the most recent determination of oxygen gradient in nebulae and young stars. However, the ages of some clusters used are up to 8 Gyr old, hence they are not at all representative of the present disk as sampled by young objects. The fact that the magnitude of the Fe gradient as sampled by these old stars is so similar to that from present day O gradient is quite surprising, and the way that they relate to each other is still unclear.
(2) By dividing clusters into age groups, we show that the iron gradient was steeper in the past and that it evolved slowly with time. Although statistically this conclusion is not very significant, it shows a trend which should be verified with a much larger sample.
(3) Our chemical evolution model predicts a steady flattening of the Fe gradient with time, due to the adopted "inside-out" formation scenario of the Galactic disk. Such an evolution is also found in other work using similar assumptions. However, there are also models that predict the opposite behavior for the gradient evolution. Future work should aim at finding a present day iron abundance gradient through young stars or an oxygen gradient in old disk stars in order to clarify these two evolutionary trends.
How the abundance gradient evolves along the Galactic disk remains one of the unsettled issues concerning the formation and evolution of the Milky Way disk. Open clusters and planetary nebulae are two most useful observational tracers here. Much more precise determinations of the ages, distances, and metallicities for those objects would be required. Theoretically, the recent model of Chang et al. (2001) pointed out that the gradient along the Galactic disk cannot be described by a single value and the time evolution cannot be described only by the words "steepening" or "flattening". A single linear value of gradient strongly depends on the way of calculation. And the gradient evolution is not only dependent on the adopted forms of SFR and infall rate, but is also heavily affected by the chemical composition of the infalling gas. Therefore, it is necessary to clarify which assumption plays the central role in shaping the evolution trend in the current chemical evolution models.
